The mechanisms of mesa-height dependent efficiency and efficiency droop of blue InGaN/GaN micro-LED is presented. Device with a large etch-depth (> 1.3 µm) shows significant strain relief with aggravated current crowding.
Introduction
InGaN-QW-based micro-light-emitting diode (micro-LED) structure was demonstrated to hold unique electrical characteristics suitable for high power LED lighting compared with its large-area counterparts [1] [2] [3] [4] . Micro-LEDs show improved efficiency at high injection current density although the efficiency was affected via side-wall defects induced non-radiative recombination at low injection [4] . The high efficiency at high injection was attributed to enhanced current spreading in micro-LEDs, which resulted in a reduction of efficiency droop effect [5] . Other potential advantages of micro-LED include enhanced light extraction [6] and suitability in optoelectronic integration [7] . To realize high efficiency micro-LED, the size effect was studied experimentally and by simulation [3, 4] . However, further exploration on the design of mesa height (H) is required. Our previous research work suggested that the internal quantum efficiency in micro-LED was improved due to the enhanced strain relief in micro-LEDs with a large etch depth [8] . Thus the investigation of mesa height related to the quantum efficiency characteristics of micro-LEDs is crucial.
The objective of this research is to look into the peak efficiency and efficiency droop at high injection current level from micro-LEDs with different mesa height. Our analysis revealed increased peak efficiency in micro-LED with a large H, which was attributed to residual strain relief effect. Besides, an aggravation of efficiency droop was observed owing to an extra vertical current transport process.
Experiments
The InGaN/GaN LED is in a p-i-n configuration grown on c-plane sapphire substrate with 12-stack 3nm-InGaNwell / 10nm-GaN-barrier multiple quantum wells (MQWs) as the active layer (see Fig. 1 (a) ). The LED structure is characterized using transmission electron microscopy (TEM) shown in Fig. 1(b) . The micro-LEDs with various mesa heights (H = 0.5~4 µm ) were fabricated using UV contact-lithography and Cl 2 based inductively-coupled plasma (ICP) etching. The diameter of the circular devices was fixed at 30 µm . The fabricated micro-LEDs were tested in a home-made LED probe station integrated with a microscope, Keithley 2400 source meter and Newport 2936C power meter. Micro-Raman spectra were measured using a 532 nm laser at room temperature. There exists the polarization fields in the III-N materials due to both non-centro-symmetric GaN unit-cell related spontaneous polarization field and strain related piezoelectric polarization field. The latter arises from the lattice and thermal mismatches between epitaxial layers with the substrate. The strain field is expected to be partly relieved in LED micro-structures, and hence improving the electron-hole wavefunction overlapping, leading to the efficiency improvement. In order to probe the strain relief in micro-LEDs, micro-Raman spectra were collected from the center of each MESA as shown in Fig. 2(a) . The Raman peak positions of E 2 and A 1 optical phonon modes represent the strain level in GaN top layers, which is directly related to the strain level in active layer [9] . The apparent wavenumbers down-shift (i.e. shifted to lower wavenumber) for E 2 mode was measured with increasing H, indicating a significant strain relief. Taking the strain-free E 2 wavenumber to be 567.25 cm -1 , the in-plane strain in GaN thin film was reduced from -1.5 GPa (corresponding to 570.8 cm -1 in micro-LED with H = 0.54 µm ) to -0.8 GPa (corresponding to 569.3 cm -1 in micro-LED with H = 3.0 µm ) based on the crystal-symmetry related formalism [8] . Therefore an enhanced strain relief in InGaN MQWs was deduced in micro-LEDs with increasing mesa height, leading to the increased peak efficiency.
Results and Discussion
Growing on insulating sapphire substrate, InGaN/GaN LED epitaxy also suffers from the effect of non-uniform current distribution, or the current crowding effect, resulting in an exacerbated efficiency droop [5] . The current spreading in an InGaN/GaN micro-LED is illustrated in Fig. 2(b) . For micro-LEDs with increasing mesa height, the vertical current transport component has to be considered in addition to the lateral transport component. With both current transport processes, the growing current crowding effect in micro-LEDs with increasing H led to the aggravated efficiency droop. 
Conclusions
In conclusion, we have investigated the mesa height dependent efficiency and efficiency droop in InGaN/GaN micro-LEDs. With a larger mesa height, the micro-LED shows increasing peak efficiency owing to an enhanced strain relief albeit with a drawback of aggravated efficiency droop due to current crowding effect. The results indicate that the optimization of strain relief and current spreading are required when designing micro-LEDs for high brightness lighting applications. 
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